A star type wireless sensor network based on nine-axis micro-electromechanical inertial motion sensors with the potential to include up to 254 sensor nodes is presented, and an investigation into the mechanical and structural effects of bell ringing on bell towers is presented as a possible application. This low-power and low-cost system facilitates the continual monitoring of mechanical forces exerted by swinging bells on their support and thus helps avoid structural degradation and damage. Each sensor measures bell rotation, and a novel method utilising only the instantaneous rotational angle is implemented to calculate the force caused by bell ringing. In addition, a commonly used, however, previously experimentally unconfirmed assumption that allows great simplification of force calculations was also proven to be valid by correlating predicted theoretical values with measurement data. Forces produced by ringing a 1425 kg bell in Durham Cathedral were characterised and found to agree with literature. The sensor network will form the basis of a toolkit that provides a scalable turnkey method to determine the exact mechanisms that cause excessive vibration in mechanical and architectural structures, and has the potential to find further applications in low-frequency distributed structural health monitoring.
Introduction
The wireless sensor network presented was developed to facilitate the continual real-time monitoring of the movement of bell towers due to bell ringing. Such movements could lead to cracks in the tower [1] and in extreme cases the destruction of the tower [2] . The tower considered is part of Durham Cathedral which is a UNESCO world heritage site. In Durham Cathedral, English full circle ringing style is practised where the bells are rung in patterns and rotate through an angle of slightly greater than 360 • . Bell ringing causes the tower to sway with such magnitude that it is felt by the ringers in the bell chamber making it extremely difficult to keep the correct ringing times. In cases, tower movements can be so excessive that bells had to be hung dead meaning that they are no longer allowed to swing [3] . A typical bell, such as the one shown in Figure 1 , is mounted in a robust steel frame and has a large wooden wheel attached to it. It is rung by pulling a rope that is attached to the circumference of the wheel and hangs down into a chamber underneath where the ringers are. Investigating the interaction between the forces produced by ringing bells and their support is of paramount importance to ensure that regular ringing does not cause significant degradation to the tower jeopardising its structural integrity and safety. Once the mechanisms of tower movement are properly understood and characterised, steps can be taken to alleviate the effects, for example, by avoiding potentially damaging ringing patterns or reconfiguring the bell arrangement. A logical approach to investigate this relationship is to measure the forces produced by each bell and then correlate them with the back and forth, and the left and right sway of the tower. The forces exerted by a particular rotating bell on the bell frame can be shown to depend on only its angle of rotation as described in Section 1.1. However, it should be noted that the forces from each bell can couple or add together to produce a greater effect.
The chosen nine-axis sensor system can measure the angular rotation of each bell in the tower within ±4 • during an hour-long sample time, and due to its 4.4 × 4.4 × 8.0 cm size, it could be conveniently installed on the wooden bell wheel. The large and complex motion and the close spacing of the bell structures called for a self-powered wireless solution that also enabled real-time data monitoring. Further details of the sensor system are described in Section 2.
Bell Theory
In 1913, a set of equations describing the forces produced by a bell rung in the English style as a function of angle were proposed [2, 4] . In 1976, Heyman and Threlfall verified the equations experimentally [5] . The vertical force, F V , and horizontal force, F H , exerted by a bell on the frame in N are given by their respective equations
F H = mgcsin(θ)(3 cos(θ) − 2p) (2) where m is the mass of the bell in kg, g is the acceleration due to gravity in m/s 2 , c is the dimensionless inertial form factor of the bell described by Equation (3), θ is the angle of the bell in radians and p is a dimensionless parameter described by Equation (4) that takes into account any initial velocity the bell may have and its dwell position. The inertial form factor of a bell is given by
where h is the distance between the fixed point about which the bell rotates and its centroid of mass in m and k is the radius of gyration of the bell in m. The parameter p that takes into account initial velocity is given by
where α is the angle of the bell relative to the vertical axis in its mouth-up or dwell position in radians as seen in the simplified diagram of a bell and bell wheel in Figure 2 , ω α is the small angular velocity provided by the ringer that displaces it from this position in radians/s and τ is the period of small oscillation of the bell in s. It can be assumed that p = 1 providing that ω α is negligible. This assumption is verified in Section 3.3. The parameter c required to calculate the forces can be determined by taking simple measurements of the bell in situ described in [5] . Diagram of a bell and bell wheel. The blue box indicates where the sensor was located in all experiments in the Cathedral. The black slider holds the bell in position close to its balance point so that minimum effort is required to ring it.
Durham Cathedral
Durham Cathedral tower displayed movement due to bell ringing and was ideal for the authors to measure for several reasons. First, there were ten bells in a frame 60 m above the foundation level [6] , and such a large mass swinging at such a height produced measurable tower displacements on the order of 0.43 mm. The frame was constructed from structural steel fixed into the masonry of the tower, which was the most effective frame arrangement to minimise tower vibrations according to [2] , and the MEMS sensors coupled with a low-frequency accelerometer for displacement monitoring could validate the effectiveness of this arrangement in terms of minimising vibrations. The bells are hung in either a N-S or an E-W orientation and the mass of the largest bell is 1425 kg. The maximum horizontal and vertical forces produced by the bells when rung individually using the procedure described in [5] are available in [6] . The velocities in the N-S and E-W directions were measured using high-sensitivity low-frequency geophones (velocity transducers) with a pen trace, and the maximum velocity recorded was 3.5 mm/s at the ringing chamber whilst ringing rounds one to ten. Using this velocity and an approximate equation, the maximum N-S and E-W displacements were estimated to be 0.43 mm and 0.31 mm, respectively. The maximum base stress was found to be 0.07 MPa assuming simple cantilever bending [6] . These values were the largest recorded but not necessarily the maximum that occurred during ringing. The investigation only included the ringing of one of the many different patterns that the bells were rung in. Each pattern produced forces that varied differently with time and therefore different tower displacements. The natural frequencies of the tower movement were measured to be 1.28 Hz E-W and 1.31 Hz N-S with a damping ratio of 0.016 [6] .
Attempts by other authors were made to build finite element models of the tower but the results included inaccuracies between 10% and 50% [6] . The large difference between the measured and the computed values was due to the simplifications used in the model. For example, while the walls were made of sandstone with a rubble infill, they were modelled as solid and therefore their Young's modulus had to be approximated. The finite element models did not capture the dynamics of the tower due to the underlying assumptions about the materials. The assumption that the angle of the bells as a function of time exactly followed the theoretical curves in [6] led to further inaccuracies that would have not been present if these angles were measured experimentally. This highlighted the need for experimental work to fully characterise the dynamics of towers.
Motivation for Experimental Work
Attempts to understand the tower movement through finite element models were unsuccessful not due to the lack of computational power but due to the difficulty of properly modelling the problem as seen in Section 1.2. It is clear that experimental work is required to capture the real dynamics of the tower and the bells. An experimental investigation into the link between forces from bell ringing and tower movement had never been attempted. In previous experimental studies, for example, in a study of 19 bell towers in the North East of England, there was no correlation found between the maximum displacement of bell towers due to ringing and the tower height [7] . Instead, the maximum displacement of the tower depended upon its natural frequency [7] . Slender towers tend to bend to produce displacement at the top of the tower; however, shorter towers could rock in their foundations to produce equally large displacements [7] . This further indicates that experimental work is required to assess whether the movement of any given tower can be considered safe. The gained insight into the interaction of bell forces that cause the movement could be used to establish criteria for bell tower safety. Currently, the ratio of maximum sway to tower height is accepted as the most effective measure of the safety of tower motion [8] ; however, this criterion is somewhat arbitrary. A value under 200 × 10 −6 was deemed acceptable, and it was generally agreed that bell ringers would be reluctant to use a tower if the acceleration in the ringing chamber was greater than 50 mm/s 2 [8] . Nonetheless, the primary cause of movement was not addressed in [8] underlining the need for further experimental work.
In addition to understanding the tower dynamics, measuring the natural frequencies of bell towers regularly could help identify structural damages. A definite sign of damage occurring in a bell tower was the decrease of the natural frequency of the tower vibration between two annual measurements [1] .
Total ringing time also has a large influence on the tower motion [9] ; therefore, it would be advantageous to measure an entire session and review the data to see the oscillation build up over time. Large oscillations have the potential to develop during long sessions because in the English style, bells are rung in precise repeating patterns known as methods [2] . This effect is not observed in Continental Europe where the bells are rung in a random fashion [10] . It has been proven that the third harmonic is the most significant for the system used in Continental Europe [11] . In English full circle ringing, the contribution of the higher harmonics becomes much more significant, which means that simulations or experimental work are required to investigate the interaction of the bells [9] . Simulations of bell towers are problematic, because as previously mentioned, it is extremely difficult to develop an accurate model because of the simplifications and assumptions made about the building materials.
Experimental measurements in the field, on the other hand, give valuable and inherently more valid insight into the causes of tower movements and lead to suggestions about how to reduce them, and the sensor network described in this work makes these measurements possible.
Materials and Methods

Networking Protocol and Hardware Selection
Little literature concerning the development of a wireless sensor network capable of measuring angular rotation has been published. There is, however, an extensive catalogue of work concerning the use of accelerometers, both wireless and wired for structural health monitoring [12] [13] [14] . For example, a wireless accelerometer network of Oracle Sun SPOT sensors has been used to assess the structural health of a wind turbine [13] . A device specifically for measuring bell angular rotation has never been developed. The sensor must be wireless as it would be physically attached to a rotating bell wheel in its application. Sending the data via infrared was ruled out because the dusty bell tower environment would have made such communication unreliable. A previous project attempting to solve the same problem with optical sensors proved too impractical to use for research. Group special mobile (GSM), now known as global system for mobile communication, was considered as a potential method of sending data but was deemed to be unsuitable due to the charges incurred for sending data and the need for network coverage. The system had to be able to communicate in any environment regardless of GSM network availability, and a local wireless network satisfied this requirement.
Wireless Networking Protocol
Wi-Fi, Zigbee-an IEEE 802.15.4 based specification, Bluetooth, and Bluetooth low energy (BLE) were considered as potential networking protocols for the system. The comparison can be seen in Table 1 . Durham Cathedral has ten bells, and since one sensor is required for each bell, a networking protocol that can support at least ten nodes is required. The requirement on the data rate is based on a network with one computer to collect the data and 254 sensor nodes where each node sends five 32 bit floats at a rate of 100 Hz. The distance requirement is based on the size of the bell frame. The distances in Table 1 are specified for an open environment, since the devices would be operating in an enclosed environment their range would be reduced significantly [15] . From Table 1 , it is clear that Wi-Fi is the only protocol that meets the requirements for this application. With multiple devices sampling data and streaming it back to a computer, there is an unavoidable bottleneck at the receiving port, and a protocol that minimises the effect of the bottleneck is required. The user datagram protocol (UDP) and transmission control protocol (TCP) are the most commonly used protocols with many other protocols being based on them [17] . Table 2 comparing the two protocols shows that the UDP packet header is less than half the size of TCP's, which means that UDP packets can be transmitted with less overhead. Both UDP and TCP perform error checking that allows them to detect and discard damaged packets, but UDP generally has higher speed. If a packet is dropped, TCP will attempt to recover the packet by requesting that the original sender attempts to send the packet again. This can significantly slow down data transfer via TCP, and hence TCP is marked as low speed in Table 2 . UDP does not attempt recovery, the receiving device is unaware of any unreceived packets. In this application large amounts of data are being collected and the occasional loss of a single data point has no significance, UDP is found to be more suitable, especially because slowing down of TCP due to attempting to recover lost packets becomes worse as the number of the sensor nodes in the network increases. Vast amounts of similar development boards are available on the market and comparison of suitable boards can be seen in Table 3 . Devices produced by Mbed were ruled out because there was a lack of good quality documentation and information for their microcontroller boards at the time of writing. Available documentation and the potential for manufacturing custom integrated sensor boards in the future were the driving factors behind the choice of microcontroller board. The BCM2835, the core chip of the Raspberry Pi was difficult to purchase in quantities smaller than 100; however, a system including the ATWINC1500 chip would not have this issue and could easily be translated to a custom printed circuit board (PCB). This would significantly reduce the costs with minimum added design time. The combination of all these factors meant that the Arduino MKR1000 offered the best trade-off between cost and development time whilst also future proofing the manufacture of the device as a commercial product. 
Inertial Measurement Unit (IMU)
The three digital inertial measurement units that are considered in this work along with their primary characteristics are listed in Table 4 . Each unit contained a three-axis accelerometer and gyroscope. The MPU-9250 also featured a magnetometer making it a nine-axis device. Devices that did not contain a gyroscope were not considered as it was unwieldy to use an accelerometer alone to determine angular rotation unless it was on the axis of rotation, which in this case was not feasible. The two MPU devices featured an internal Digital Motion Processor™ (DMP) capable of calculating quaternions which made them significantly more advanced than the ST LSM9DS1 as quaternions can be used to calculate the Euler angles (pitch, roll, and yaw) that can be used to determine the orientation of an object, in this application, a bell wheel in space. Both MPU devices had identical sensitivity and DMP update rate, and supported the same communication protocols. The nine-axis MPU-9250 was selected over the MPU-6050 because the latter was a six-axis device that was not recommended for new designs as it would soon be discontinued. 
System Description
A system capable of accurate rotational angle measurements of bell wheels and wireless streaming of time-stamped angle data is presented in this work, and the design choices for its implementation are detailed in Section 2.1. The schematic block diagram including data flow directions can be seen in Figure 3 , only one sensor is shown to avoid clutter. In reality, five nodes were included in the star configuration as seen in Figure 4 . A sensor node, pictured in Figure 5 , comprised of an Arduino MKR1000 board for wireless communication and an InvenSense MPU-9250 MotionTracking™ device for measuring angular rotation. The Digital Motion Processor™ (DMP) within the MPU-9250 sampled data from the embedded accelerometer and gyroscope. The data was calibrated using factory trim values and a temperature compensated sensitivity scale factor from an embedded temperature sensor. The accelerometer and gyroscope used low-pass filters at an appropriate frequency to avoid aliasing. The DMP then calculated quaternions that were capable of describing three-axis rotation and translation in three-dimensional space and wrote them to the inter-integrated circuit (I2C) bus at a rate of 100 Hz. The Arduino MKR1000 read the I2C bus, time-stamped each quaternion, and then converted the quaternions to the Euler angle roll using the equation from [34] . The roll angle was selected to measure the rotation of the bell because its drift was an order of magnitude less than that of yaw. The time-stamped angles were then sent wirelessly to a computer via a router in data packets. The packets were filtered at the receiving computer using a unique identification number for each board. The MPU-9250 was controlled using the Open-source MPU-9250 DMP library downloaded from SparkFun [35] . The computer that receives the packets runs Java code in the Processing integrated development environment (IDE). A flow diagram describing the function of the Arduino and Java codes can be seen in Figure 6 . The system also sent x-, y-and z-axis accelerometer data which were not used in this experiment, and were left out of the initial description for clarity. There were two interrupt processes in the Java code, one to enable sampling to continue whilst writing to files and another to allow sampling to be stopped at any time. Connecting more sensors was as simple as uploading the Arduino code to a new sensor and giving it a unique identification number. The unique identification number allowed the Java code to determine from which sensor a data packet came when it arrived at the computer. The system was designed such that there were no hard-coded internet protocol (IP) addresses, therefore allowing it to work on any IEEE 802.11 (Wi-Fi) network. The Java program saved the data in a comma separated value (CSV) files each containing 10,000 samples which could be read into MATLAB for analysis. Figure 6 . Flow chart describing the Java code that runs on the computer in Processing (top left), two of the interrupts for the Java code (bottom left) and the Arduino code (right) that run on the MKR1000(s). The 'All boards sending?' block also relies on an interrupt process but the details are omitted.
Sensor Description
A labelled photograph of a sensor node can be seen in Figure 5 . The case underside features a removable bottom plate with countersunk bolts so that the lithium-polymer battery can be replaced. There are two holes either side of the case so that the device can be quickly and securely attached to the bell wheel with a Velcro strap. The yellow printed circuit board (PCB) acts as a vibration proof soldered interface between the Arduino and the MPU-9250 breakout board.
The accelerometer in the DMP can be set to have ±2, 4, 8 and 16 g ranges with a maximum sensitivity of 61 µg. The gyroscope can be set to have ±250, 500, 1000 and 2000 • /s ranges with a maximum sensitivity of 7.196''/s. The drift was measured to be 0.927 • per hour with a typical noise magnitude of 0.0785 • , which was more than sufficient for the application. The maximum shock acceleration the device can take is 10,000 g [36] . The power source is the limit for the application but each node has a battery life of approximately ten hours, which is sufficient given that a peal usually takes around three hours [37] . A peal is the maximum amount of time that the bells are ever rung for. Removing the devices to charge them was not an issue as they had to be removed after data collection as the cathedral staff considered them to be a fire risk. A peal is the longest duration of any ringing activity in a tower. The battery is automatically charged when the board is plugged in with the micro universal serial bus (USB).
Verification of Data Integrity
Recording the swinging of a pendulum made of a 30-cm-long, 0.1-cm-thick, and 6-cm-wide plastic beam, an object of known parameter and predictable motion, the accuracy of the angle measurements and the reliability of data transmission were assessed.
Angle Measurement Reliability
Two sensors were attached securely to the pendulum and a protractor that could be read to a precision of ±1 • was used to determine the displaced position. The sensor readings at the initial rest position (180 • ) were recorded, and the pendulum was rotated by 90 • to 270 • , and the sensor readings were recorded again. Then the pendulum was released and allowed to oscillate until it came to rest. This was repeated for an hour. The final rest and displaced position was then recorded for both sensors. This one-hour measurement was repeated three times and the results were then averaged and used to calculate the data presented in Section 3.2
Dropped Packets
Each board was set up to send 10,000 packets upon receiving the start packet and then stop sending. Because each packet was assigned a time-stamp, it was possible to track lost packets and identify any pattern of data loss. A high rate of dropped packets (e.g., >1%) would adversely affect the accuracy of the angle measurements, and a pattern of dropped packets would indicate a flaw in the system. The verification of the reliability of data transfer was crucial because the implemented transmission protocol, UDP, did not guarantee delivery of every packet. This experiment was conducted with two routers-a Google Nexus 6 Plus phone and then an O2 wireless box IV. A varying number of sensor boards were placed 1 m apart with their PCB antennas pointing towards the router, which was 1 m from the first board.
Field Work in Durham Cathedral
A five-sensor network was field tested in Durham Cathedral with an O2 wireless box IV router and a Microsoft Surface Pro 4 tablet computer. The lightest five bells were measured simultaneously for a one and a half hour ringing practice during which the Durham Bell Ringing Society rang various methods on the bells. The procedure was repeated for the heaviest five bells the next day. During both tests, the sensors were securely fixed to the bell wheels in the position shown in Figure 2 . On the second occasion, the temperature in the bell chamber was below 0 • C and the computer became too cold and powered off, but the data was not lost as it was automatically saved to a CSV file every 100 s.
Results
Data Transfer Rate and Quality
A key parameter determining the accuracy and resolution of the sensor network is its data transfer rate and quality. Bell angle data is sent from each sensor node as packets, and a measure of data transfer quality is the number of lost packets. The distribution of the lost packets, measured by sending a set number of packets at a set data rate for different sensor node arrangements, is shown in Figure 7 , with each line representing an individual node. Plots a-e show how data transfer quality varies as the number of simultaneously transmitting nodes increases from 1 to 5 when a Google Nexus 6 Plus mobile phone is used as a router. The more than 1 order of magnitude increase in packet loss for five sensor nodes indicated that the capacity of the phone was reached. This was confirmed by repeating the experiment with an O2 wireless box IV router, shown in plot f, and observing the same minimal packet loss as in plots a-d. Table 5 shows that the packet loss rate is ≥0.05% independent of the number of boards as long as data transfer rate is within the maximum capacity of the router. No pattern emerged in the lost packet distribution indicating that packets were lost due to random variations in noise from external sources. Figure 7 . Distribution of packets lost with increasing number of devices simultaneously sending data through a Google Nexus 6 Plus mobile phone (a-e), and five devices simultaneously sending data through an O2 wireless box IV (f). The red "*" symbol represents a dropped packet and the blue "." symbol represents a received packet. The number to the right of each trace shows the number of dropped packets for that board. Each board sends 10,000 packets at a sample rate of 100 Hz, giving a total sample time of 100 s. 
Angle Data Reliability
The drift and the offset of the MEMS accelerometers were characterised using two identical sensor boards mounted on a pendulum and sampled for 60 min. The average drift values of the two boards were 0.161 • and 0.904 • , and the maximum drift found in any individual test was 1.037 • . The two boards were found to have an average offset of 3.494 • at the start of the tests, which increased to 3.655 • at the end of the tests. The offset was explained by the inaccuracy of mounting the MPU9250 onto the board and the board onto the case, and the offset increased with time due to drift. These values were well within the range that was required for the application. The experimental setup used is described in Section 2.3.1. Typical data from the experiment can be seen in Figure 8 . 
Field Work in Durham Cathedral Results
Ringing up is when the ringer moves the bell from its resting, mouth-down position which can been seen in Figure 1 to its mouth-up position seen in Figure 2 . The ringer does this by repeatedly pulling the rope to make the bell swing higher and higher until it rests in the mouth-up position. The measured angle during the ringing up of the largest bell of mass 1425 kg can be seen in Figure 9 . Ringing down is the reverse of this process. After the bells in the Cathedral were rung down, they continued to oscillate with an amplitude of~5 • for a period of time. The results of measuring this period of small oscillation are summarised in Table 6 . The period of oscillation for each of the five lightest bells was measured by taking the average time for ten complete oscillations. This was done using the data obtained from the sensors. It should be noted that for all plots in this section, 0 • and 360 • corresponded to when the bell was in its mouth-up position. Based on the collected data set, it was possible to validate the assumption that the initial velocity given to the bell by the bell ringer at the start of its rotation was negligible. The initial velocity for all bells was observed to be negligible at the start of their rotation by observing the angular velocity against time curves calculated from the data set. The angular rotation of bell ten of mass 1425 kg and bell six of mass 563 kg for the first 800 ms of ringing can be seen in Figure 10 . The initial angular velocity of both bells, calculated from the slope of the curves, at 360 • was 14.45 • /s for bell 10 and 7.95 • /s for bell 6 which was negligible compared to the angular velocities of 224.10 • /s and 147.92 • /s at 310 • , respectively. Considering bell 10, which had a period of τ = 2.08 s [6] , plugging into the right hand side of Equation (4) yielded a value of 3.27 × 10 −3 which was three orders of magnitude smaller than the maximum value of the left hand side of the equation.
The rotational angle of bell ten, and the horizontal and vertical forces exerted on the bell due to its motion as a function of time, calculated using Equations (1) and (2), are shown in Figure 11 . To the authors' knowledge, this is the first time that such plots could be produced based on the experimental data. Because each swing of the bell was slightly different, instead of averaging a set of swings, typical data of all swings of the bell were shown and they were observed to have the same shape as the data presented here. Figure 10 . The angular rotation of bell ten and six at the beginning of the hand stroke where the ringer pulls upon the rope to displace the bell from its mouth-up position.
Discussion
As shown in a typical ringing up pattern of bell ten, which is the heaviest bell in Figure 9 , the ringer only increases the angle through which the bell rotates by approximately 4.0 • each time they pull the rope. The nearly linear increase with each pull suggested a very skilled bell ringer. At around 50 s, some data loss could be seen, which was due to the fact that no attempt was made to recover lost packets in the user datagram protocol (UDP). Linear interpolation could be used to recover the data. Similar curves were produced for all of the bells but omitted to avoid repetition. All the small oscillation period values from Table 6 agree within ±0.7% of the measurements taken by Wilson and Selby in 1993 [6] . It is highly likely that the sensor network is more accurate than the methods used by Wilson and Selby simply due to the elimination of human error. The sensor produced a data point every 10 ms, whereas the typical reaction time of a human to visual stimuli was 180-200 ms according to [38] . The more than one order of magnitude higher time resolution of the sensors guaranteed a better time accuracy.
It can be seen in Figure 10 that the assumption the initial velocity imparted to the bell by the bell ringer is negligible is valid. The velocity at 360 • is clearly negligible compared to the velocity at 310 • . These velocities were calculated in Section 3.3. Bell 6 can be seen to overtake bell 10 in terms of angular rotation at~295 • , which can be explained by its significantly smaller mass (1425 versus 563 kg). The assumption that the ringer provided negligible initial velocity was widely used in the literature as it greatly simplified the equations used to calculate the forces produced by a bell as a function of angular rotation. This assumption, however, has never been proven experimentally. Every data set collected during this work showed this assumption to be valid. It is therefore correct to assume that the initial angular velocity is negligible for the types of bells measured at Durham Cathedral and take p = 1 in Equations (1) and (2) . It should be noted that although this assumption is valid for experimental data, the initial velocity should still be taken into account in theoretical studies to avoid timing issues where the angle of the bell in the simulation lags behind the real life angle. Further experimental studies that attempt to correlate N-S and E-W tower vibration with bell forces via angle measurements from each bell will not have to consider the initial velocity of the bell for each rotation. The assumption is only valid once the bell has been rung up to its mouth-up position, not during the ringing up of the bell though.
The plot of the forces produced by bell ten in Figure 11 displays abrupt peaks indicating sudden and large increases in forces acting over a few 100s of ms. The plot displayed a rotation of the bell in one direction from 360 • to 0 • then a rotation in the other direction from 0 • to 360 • . The vertical forces reached a sharp maximum when the bell was at 180 • (in its mouth-down position), the horizontal forces were momentarily zero as the bell passed through 180 • but had sharp excursions on either side of 180 • . The process was mirror imaged when the bell swung back in the other direction from 0 • to 360 • . The horizontal forces matched the shape and magnitude of the theoretical plot in [6] . The vertical forces matched the shape but not the magnitude of the theoretical plot in [6] . As the equations for the maximum vertical force in [6] agreed with the experimental results of this work, it was a reasonable assumption that there was an oversight by the authors of [6] leading to a slightly overstated magnitude value in the plot. The amplitudes of the vertical and horizontal forces were approximately twice and the same as the weight of the bell, respectively. The reader should bear in mind that bell number ten weighed as much as a large car meaning that these were alarmingly large forces to be applied to the top of a 60-m tall tower. It should also be noted that this was just one bell, there were nine others also producing forces that could add or couple with the forces produced by bell ten. It follows that a set of these impulses from multiple bells occurring at the same time could lead to large tower displacements. Plots such as this could be produced for all ten bells in the Cathedral and summed together to visualise the resultant vertical and horizontal forces produced by the bells as a function of time.
Conclusions
A low-cost, low-power, star-type wireless network capable of measuring and recording the angle of rotation of a set of bell wheels was designed and validated using data from both the laboratory and the field. The sensors had a fixed sample rate of 100 Hz, and could produce x-, y-, and z-axis acceleration data with a resolution of 61 µg. Typical values for the drift and noise magnitude in the angle were 0.927 • per hour and 0.0785 • , respectively. The network is capable of supporting 254 sensor nodes but only 5 nodes were built and tested as a proof of concept. The periods of small oscillations of the five lightest bells in Durham Cathedral were measured and the values agreed within ±0.7% with the theoretical values in [6] .
For the first time, it was proven experimentally that the initial velocities of all the bells in Durham Cathedral during ringing were negligible, allowing simplifications in the equations used to calculate the forces produced by a ringing bell. The sensors can, with confidence, be used to determine the forces produced by a ring of bells and to identify the ones that may lead to structural damage. The forces produced by bell ten in Durham Cathedral were computed and found to be much larger than the weight of the bells in agreement with the theoretical values in the literature [6] . The sensors have been proven to be reliable and accurate; they will soon be used to undertake further research into the vibration of the tower of Durham Cathedral and also many others around the UK. The network also has potential applications in low-frequency structural-health monitoring because of its capability to measure acceleration in three axes. 
